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FACTORS INFLUENCING DROSS FORMATION 
IN THE FUSIBLE SEALS OF 

THE EBR-II ROTATING PLUGS 

by 

W. E. Ruther 

ABSTRACT 

The factors influencing the rate of dross formation 
in the fusible seals of the EBR-II rotating plugs were studied 
in the laboratory using a rotating cylinder in a beaker of the 
fusible alloy Bi-42 wt % Sn. 

The resul ts indicated that dross formation in a s im
ple rotating system may be a complex process . A single, 
l inear oxidation rate was found for only those few exper i 
ments in which the oxidation product did not mechanically 
interact with the rotor. 

In the more general case, the mechanical interaction 
of the dross with the rotating systenn resulted in substantially 
greater oxidation ra tes after an initial period of operation. 
The oxidation rate during the initial period was shown: (a) to 
be l inearly related to circumferential velocity of the rotor 
in the range of velocities examined in the«EBR-II (0-100 in . / 
min) and (b)to be independent of the rotor size. The second
ary oxidation ra te , reached after about 600 min, was linearly 
related to velocity for a given rotor, but was dependent on 
rotor size. 

No large effect of alloy composition on the secondary 
oxidation rate was found when the tin content was varied 
(37.47 wt %) or when aluminum was added. Indium (4 wt %) 
proved effective in reducing the rate of dross formation in 
the basic alloy. However, little benefit was derived from the 
indium addition when sodium (at the level found in the actual 
seal trough) was added to the alloy containing 4 wt % In. 





I. INTRODUCTION 

Several sodium-cooled reac tors have used one or more circular gas-
seal troughs during indexing a single fuel-handling device to each reac to r -
grid position. The function of the seal is to prevent inleakage of air into 
the inert gas atmosphere over the chemically reactive sodium while pe r 
mitting the required mechanical movements of the reactor cover. The 
EBR-II uses a Bi-42 wt % Sn alloy (melting at ~140°C) in the gas-sea l 
troughs of the rotating plug. Figure 1 shows a section through a fusible 
seal of the rotating plug. 

'•<\ • ' ^ V 

I RING STRUCTURE 

-THERMOCOUPLE 

- SECONDARY SEALS 

Fig. 1. Section tlirougli Fusible Seal of 
EBR-II Rotating Plug 





The original reactor design incorporated secondary baffle seals on 
the air side to maintain a chemically inert atmosphere over both gas-liquid 
and liquid-metal interfaces. However, the baffles were ineffective and 
permitted access of air to the outer liquid-metal interface. Moreover, the 
number of fuel t ransfers has increased greatly as a resul t of the revised 
program for the EBR-II as a fast-flux test reactor in the Liquid Metal Fast 
Breeder Reactor (LMFBR) development program. Consequently, large 
amounts (over 1000 lb in 1969) of a black oxidation product of the Bi-Sn alloy 
are formed during fuel-handling operations. This dross impedes the move
ment of the blade through the trough and laboriously must be removed 
through a tiny port. The problem has been investigated by Blumenthal 
et a l . , ' and by Crothers.^ Suggestions have been made to alleviate the 
difficulty by using a silicone oil, or similar fluid layer, on the air-exposed 
Bi-Sn alloy and/or by adding indium to the molten alloy to improve its 
oxidation res is tance . 

This investigation determines the important variables in the rate of 
dross formation, so that a real is t ic appraisal of the proposals might be 
made. 

II. EXPERIMENTAL PROCEDURE 

Figure 2 shows a laboratory-scale representation of the drossing 
apparatus used in this investigation. 

3 0 4 STAINLESS STEEL 

BEAKER 
LOOSE LIO^QgTACHABLE SHORT 

THERMOCOUPLE 
(TO POTENTIOMETER) 

THERMAL INSULATION 

COPPER HEATSINK 

It c o n s i s t e d of a s m a l l , s t a i n l e s s 
s t e e l b e a k e r con ta in ing the s a m p l e 
a l loy to a depth of 3-4 in . A so l id . 
Type 304 s t a i n l e s s s t e e l c y l i n d e r 
was r o t a t e d in the c e n t e r of the 
b e a k e r by a c o n s t a n t - s p e e d g e a r 
m o t o r . The s t a i n l e s s s u r f a c e s w e r e 
a b r a d e d with wet Dur i t e (240 g r i t ) 
a b r a s i v e s h e e t s be fo re e a c h e x p e r i 
m e n t . A s h o r t t h e r m o c o u p l e was 
i m m e r s e d d i r e c t l y into the l iquid 
m e t a l . 

The e n t i r e b e a k e r was t h e r -
m o s t a t t e d in a snug- f i t t ing c o p p e r 
(or a l u m i n u m ) b lock at the d e s i r e d 
t e m p e r a t u r e , u s u a l l y 180 + 2°C. The 
m o t o r shaft was keyed into the r o t o r 
so tha t it could be d e t a c h e d by s i m p l y 

r a i s i n g the m o t o r . The e n t i r e b e a k e r , inc luding r o t o r , t h e r m o c o u p l e , and 
f rozen s e a l a l loy , was weighed a s a uni t to the n e a r e s t 0.1 m g on a 1-kg-
c a p a c i t y a n a l y t i c a l b a l a n c e . Two s i z e s of b e a k e r s w e r e used : the s m a l l e r 
r o t o r (of 1.0-in. OD) was u s e d with a 2 . 5 - i n . - I D b e a k e r ; the l a r g e r r o t o r 
(of 1.8-in. OD) was u s e d with a 3 . 3 - i n . - I D b e a k e r . No a t t e m p t was m a d e 
to l i m i t the a c c e s s of a i r to the B i - S n s u r f a c e . 

Fig, 2. Laboratory-scale Drossing Apparatus 





III. DATA AND RESULTS 

Data were collected on the influence on dross formation of rotor 
velocity, temperature , wetting, and alloy composition. In the sections that 
follow, these data are examined individually for applicability to the fusible 
seals of the EBR-II rotating plugs. 

A. General Observations 

A thin, protective coating formed over the molten Bi-Sn surface as 
it was brought to 180°C. An undisturbed beaker of molten alloy, held at 
180°C for 22 hr, gained only 11 mg of oxygen (0.4 mg/cm^ of liquid-metal 
surface), Crothers and Cooper^ held a beaker of the molten alloy for over 
a year, and only slight thickening of the protective coating occurred. Thus, 
the extensive dross formation experienced in the tests to be described here 
was the direct resul t of rotor motion. No correction in weight gain was 
necessary for the slight oxidation during the brief heating and cooling periods 
with no rotation. 

The shear zone in the liquid metal was localized at or near (within 
~0.05 in.) the rotor surface when rotation was started. As the rotor turned, 
tiny part ic les of dark dross appeared on the surface of the alloy in the 
shear zone. These tiny part icles were spun on their own axes by the action 
of the shearing metal . They were also car r ied around with the rotor at a 
velocity inversely related to their d iameters . The system appeared similar 
to planetary gears revolving around a sun gear. Thus, the newly formed, 
tiny dross par t ic les quickly caught up to larger dross part icles and were 
incorporated into the la rger agglomerates . These continued to grow by this 
capture process until a unit of about l /4- in . diafmeter was slowly moving 
around with the main rotor . 

At this cr i t ical size, two modes of disengaging the dross group from 
the rotating system were noted. In the more common (drossing) mode, the 
agglomerate broke apart and deposited most of the dross on top of the oxide 
coating of the adjacent, stagnant liquid metal . The remainder of the dross 
was partially submerged in contact wn.th the rotor surface. The submerged 
dross locally separated the liquid metal from the rotor surface. This sep
aration was extended lateral ly along the ' rotor surface as the rotation contin
ued, until the entire rotor had a continuous band of dross rotating slowly 
and separating the rotor from the surface of the liquid metal . F re sh c o r r o 
sion product was constantly formed at the base of the separation, and also 
at the interface between the rotating ring of dross and the molten alloy. 
Thus, a dross-f i l led "V" notch was formed adjacent to the rotor, as shown 
schematically in Fig, 3, after about 8 hr of operation. A further consequence 
of the drossing mode of operation was that all the initially immersed rotor 
surfaces, even the horizontal bottom in some cases , acquired a coating of 
black d ro s s . Because of the large disturbed surface of liquid metal involved, 
this mode led to an acceleration in the oxidation kinetics. 





A second ( s u b m e r g e d ) m o d e of d i s e n g a g 
ing the d r o s s a g g l o m e r a t e s f r o m the ro t a t i ng 
s y s t e m was noted in s e v e r a l i n s t a n c e s . In 
t h e s e i n s t a n c e s , the i n t e r a c t i o n of the m e c h a n 
ica l f o r c e s with the p h y s i c a l p r o p e r t i e s of the 
a l loy and i t s coa t ing r e s u l t e d e s s e n t i a l l y in the 
e n t i r e a g g l o m e r a t e being i n c o r p o r a t e d into the 
m o l t e n a l loy u n d e r the s u r f a c e of i t s p r o t e c t i v e 
oxide coa t ing and away f rom the f u r t h e r i n 
f luence of the r o t o r . F o r t he se few e x p e r i m e n t s , 
the r a t e of weight gain r e m a i n e d c o n s t a n t with 

t i m e a t a va lue s u b s t a n t i a l l y l e s s than tha t r e a c h e d in the p r e v i o u s l y d e 
s c r i b e d d r o s s i n g m o d e . F i g u r e 4 shows tha t l i t t l e o r no b l ack d r o s s was 
f o r m e d on the s u r f a c e . 

UNREACTED 
Bi-Sn ALLOY 

STAINLESS STEEL 
ROTOR 

Fig. 3. Section thiough Beaker after 
Eight Hours of Operation in 
Drossing Mode 

The p o w d e r e d , b l ack c o r r o s i o n p r o d u c t 
f o r m e d in the d r o s s i n g m o d e looked l ike d r o s s 
o b t a i n e d f r o m the s e a l t r o u g h of the E B R - I I , The 
to ta l weight of the e x p e r i m e n t a l b l ack powder 
was rough ly g r e a t e r by two o r d e r s of m a g n i t u d e 
than the m e a s u r e d we igh t gain due to the oxy 
gen r e a c t i o n . T h i s i n c r e a s e d weight was a l so 
in a g r e e m e n t with E B R - I I e x p e r i e n c e , b e c a u s e 
i t had b e e n shown^ tha t r e a c t o r d r o s s c o n s i s t e d 
of up to 80 wt % unox id ized m e t a l and tha t oxygen 
was p r e s e n t l a r g e l y as t in ox ide . 

STAINLESS STEEL 
ROTOR 

4, Section through beaker after 
Eight Hours of Operation 
in Submerged Mode 

Inf luence of R o t o r Ve loc i ty on D r o s s F o r m a t i o n in B i -Sn Alloy 

The four c u r v e s in F i g . 5 i l l u s t r a t e the inf luence of c i r cv imfe ren t i a l 
r o t o r ve loc i t y a t 180°C on the ox ida t ion ( d r o s s f o rma t ion ) of B i - 4 2 wt % Sn 

a l loy . The E B R - I I s e a l s m a y be 
m o v e d a t c e r t a i n fixed v e l o c i t i e s 
be tween 20 and 87 i n , / m i n . 

A s e c o n d a r y , l i n e a r ox ida t ion 
r a t e was r e a c h e d for e a c h r o t a t i o n a l 
ve loc i ty af ter an induct ion p e r i o d 
which r a n g e s for 100 to 400 m i n . 
T h i s induct ion p e r i o d c o r r e l a t e d wel l 
with the t i m e r e q u i r e d for the v e r t i c a l 
s u r f a c e of the r o t o r to b e c o m e c o a t e d 
with a d h e r e n t b l ack d r o s s . 

F i g u r e 6 shows tha t s e c o n d a r y 
o x i d a t i o n r a t e s (at ~1000 min ) have 
a n e a r l y l i n e a r r e l a t i o n s h i p with 
r o t o r c i r c u m f e r e n t i a l v e l o c i t y . 

Fig. 5. Oxidation of Fusible 
Seal Alloy 





The oxida t ion r a t e for the 
f i r s t e x p o s u r e p e r i o d s (~120 min) 
w e r e taken as r e p r e s e n t a t i v e of a 
" c l e a n " s y s t e m , i . e . , be fo re the 
m e c h a n i c a l i n t e r a c t i o n of the d r o s s 
with the ro t a t i ng s y s t e m b e c a m e 
s ign i f i can t . F i g u r e 7 shows the 
l i n e a r r e l a t i o n s h i p found with r o t o r 
ve loc i ty for v e l o c i t i e s up to ~100 i n . / 
m i n . I n c r e a s e d s l ippage be tween 
the r o t o r and a l loy m a y accoun t 
for the d e p a r t u r e f rom l i n e a r i t y 
at h ighe r r o t o r v e l o c i t i e s . The 
m a g n i t u d e of the s e c o n d a r y o x i d a 

t ion r a t e ( see F i g . 6) for a g iven ve loc i ty was a p p r o x i m a t e l y four t i m e s 
the va lue d u r i n g the induc t ion p e r i o d . 
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ALLOY.e i -42 W T V o S n 
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Fig. 6. 

CIRCUMFERENTIAL VELOCITY, In./min 

Secondary Oxidation Rates as a Function 
of Circumferential Velocity 

Only one e x p e r i m e n t was p e r 
f o r m e d at 180°C with the l a r g e r r o t o r 
and b e a k e r , and the r e s u l t s a r e shown 
in F i g . 8. T h i s was the f i r s t t e s t in 
which no e x t e r n a l d r o s s was f o r m e d . 
The d a t a f r o m th i s t e s t fit wel l with 
in i t i a l ox ida t ion r a t e s d e t e r m i n e d for 
the s m a l l e r r o t o r ( see F i g . 7). 

C. T e m p e r a t u r e D e p e n d e n c e of Ox-
ida t ion R a t e 

CIRCUMFERENTIAL VELOCITY, ln./mlll 

Fig- Initial Oxidation Rates as a Function 
of Circumferential Velocity 

The da t a p r e s e n t e d in F i g s . 8 
and 9 i n d i c a t e a s t r o n g d e p e n d e n c e of 
ox ida t ion r a t e on t e m p e r a t u r e a f te r 
400 m i n . H o w e v e r , the d i f f e r ence in b e h a v i o r was r e l a t e d to the two m o d e s 
of d i s p o s i n g of the a g g l o m e r a t e d c o r r o s i o n p roduc t , a s d e s c r i b e d in 

ALLXTfBi-flZ WT*/. Sn 
304SS ROTOR DIA • 1.8 
VEL0Crrr'»63in.*nin 

4O0 400 
TIME, min 

ALLOY = B i -42 W T % 5 n 
304SS ROTOR DIA=I.Oin, 
VEL0CITY = 94in. /min 

% 0 2 

4 0 0 6 0 0 

TIME, min 

Fig. 8. Effect of Temperature on Oxidation 
Rate in Large Rotor 

Fig. 9, Effect of Temperature on Oxidation 
Rate in Small Rotor 
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Sect. III.A. The similari ty of oxidation rates during the initial period of 
operation suggested that there was no strong effect of temperature on the 
tendency toward chemical oxidation. However, a comparison of the sec 
ondary oxidation rates at 180° and 200°C (see Fig. 9) indicated that the 
mechanical interaction of the dross with the rotating system magnified 
soniewhat the effect of temperature on the drossing ra te . The latter case 
is of more direct in teres t to the actual reac tor -sea l problem, because the 
seal operates in the drossing mode. 

The mode of corrosion-product disposal was dependent on the in ter 
play of the mechanical s t r e s ses with physical properties of the alloy, and 
these propert ies were temperature-dependent. Although a detailed study of 
these paramete rs is beyond the scope of this investigation, the effect of 
wetting of the rotor by the liquid metal was especially pronounced and should 
by noted here . 

D. Wetting of the Rotor 

The appearance of black dross adhering to the rotor surfaces below 
the liquid level suggested that wetting of the rotor by the alloy played a 
significant role in the transition to the secondary oxidation ra te . A Teflon 
(not wetted by the alloy) and a copper rotor, "tinned" with Bi-42 wt % Sn 
and solder flux, were tested to evaluate the ext remes . Figure 10 compares 
the resul ts of these experiments with those of a standard 1.0-in.-dia, 
Type 304 stainless steel rotor . 

The Teflon rotor showed a 
much slov/er transition; in fact, it 
never reached the usual secondary 
oxidatiop ra te . This rotor had much 
less dross adhering to its vertical 
surface than did the copper or stain
less steel ro tors . 

The secondary oxidation rate 
was reached somewhat faster for the 
copper rotor than for the Type 304 
stainless steel, although the actual 
slope was only slightly greater than 
that obtained with the steel rotor. 

ALL0Y = B i4ewT%Sn 
TEMPERATURE" ISO'C 
VELOaTY' 94itUh,in 

Fig. 10. Effect of Rotor Wetting 
on Oxidation Rate 

An e x p e r i m e n t to r e d u c e the 
d r o s s i n g r a t e was p e r f o r m e d in which the s u r f a c e of the l iquid m e t a l was 
c o v e r e d wi th f lake g r a p h i t e to s ee if it could be w o r k e d down the s t a i n l e s s 
s t e e l r o t o r - l i q u i d i n t e r f a c e and p rov ide a l o w - f r i c t i o n s h e a r s u r f a c e . T h i s 
e x p e r i m e n t was u n s u c c e s s f u l ; the u s u a l ox ida t ion k i n e t i c s for a s t a i n l e s s 
s t e e l r o t o r w e r e ob ta ined when the d r o s s f o r m e d u n d e r the g r a p h i t e l a y e r . 





E . Effect of Alloy C o m p o s i t i o n on D r o s s F o r m a t i o n 

V a r i a t i o n s in c o n c e n t r a t i o n s of the a l loy c o m p o n e n t s (tin, i nd ium, 

a l u m i n u m , and sod ium) affect the r a t e of d r o s s f o r m a t i o n to the d e g r e e 

shown be low . 

11 

1. Tin Con ten t 

A s e r i e s of e x p e r i m e n t s was p e r f o r m e d to d e t e r m i n e the effect 

of t in c o n c e n t r a t i o n on d r o s s i n g r a t e for the b i n a r y Bi -Sn s y s t e m . As 

shown in Tab le I, the v a r i a t i o n s in 

TABLE I. Secondary Oxidation Rates 
of Bi-Sn Alloys 

Tin 
Concentration, 

wt % 
Linear Rate, 

m g / m i n 

the s e c o n d a r y oxidat ion r a t e s w e r e 

not l a r g e for a r a n g e of 37-47 wt % Sn 

with the m i n i m u m at the e u t e c t i c 

c o m p o s i t i o n . 

2. Ind ium Content 

37 
42 
47 

1.4 
1.1 
1.4 

^S lope a t 900 m i n ; 180°C; 9 4 - i n . / m i n 
v e l o c i t y ; a 1 .0- in . r o t o r . 

I n d i u m a d d i t i o n s t o t h e 

B i - 4 2 wt % Sn a l l o y h a v e b e e n p r o 

p o s e d a s a m e t h o d f o r r e d u c i n g d r o s s 

f o r m a t i o n ^ b e c a u s e of t h e i m p r o v e d 

o x i d a t i o n r e s i s t a n c e to t h e t e r n a r y 

a l l o y . F i g u r e 11 s h o w s t h e e f f e c t s 

o n t h e d r o s s i n g k i n e t i c s of a d d i t i o n s 

of 1 a n d 4 w t % In t o t h e B i - 4 2 w t % Sn a l l o y . D u r i n g t h e 4 w t % a d d i t i o n of 

i n d i u m , t h e o x i d a t i o n p r o d u c t s w e r e i n c o r p o r a t e d u n d e r t h e s u r f a c e 

c o a t i n g of t h e a l l o y , a n d t h e r o t o r 

w a s f r e e of o x i d a t i o n p r o d u c t s o n 

i t s v e r t i c a l s u r f a c e s a f t e r t h e e x 

p e r i m e n t . 

3 . A l u m i n u m C o n t e n t 

A s i n g l e a t t e m p t t o i n 

c o r p o r a t e a l u m i n u m i n t o t h e a l l o y to 

i m p r o v e i t s o x i d a t i o n c h a r a c t e r i s 

t i c s w a s n o t s u c c e s s f u l . A l u m i n u m 

(1 w t %) w a s a d d e d a t h i g h t e m p e r a 

t u r e ( 6 8 0 ° C ) t o t h e e u t e c t i c B i - S n 

a l l o y . E x t e n s i v e a m o u n t s of s o l i d 

a l u m i n u m i n t e r m e t a l l i c c o m p o u n d 

w e r e p r e s e n t a t t h e d r o s s t e s t t e m 

p e r a t u r e of 1 8 0 ° C . T h e d r o s s f o r m e d h a r d , 

a b o u t t h e s h a p e of s m a l l g r a i n s of r i c e . T h e p a r t i c l e s s t u c k t o g e t h e r t o 

f o r m a h a r d c r u s t o v e r t h e a l l o y . O x i d a t i o n w e i g h t g a i n s w e r e t a k e n o n l y 

t h r e e t i m e s d u r i n g a t o t a l of 3 6 5 m i n ; t h e t h r e e v a l u e s f e l l e x a c t l y o n 

t h e n o r m a l B i - 4 2 wt % S n c u r v e . 

Fig. 11. Effect of Indium Additions 
on Oxidation Elate 

l e t a l l i c - a p p e a r i n g a g g l o m e r a t e s , 
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4. Sodium Content 

The sodium concentration of the alloy in the seal trough of the 
EBR-II has been reported to be approximately 0.2 wt % .̂  Accordingly, 
alloys containing this concentration of sodium were prepared in an iner t -
atmosphere glovebox by melting and s t i r r ing. No solid intermetallic 
compound was noted after about 5 min of s t i rr ing at ~180°C, Figure 12 
shows the resul ts of this sodium addition on the oxidation kinetics of the 
Bi-42 wt % Sn and the Bi-40.3 wt % Sn-4 wt % In alloys. 

The experiment was con
tinued overnight, so fewer data 
points than usual were taken. The 
induction period was essentially 
eliminated, and the dross formed 
stuck together to form hard 
"clinkers" during at least the 
first 400 min of operation. The 
oxidation rates were also sub
stantially higher than those for 
the same alloy without sodium. 

UJ 

ALLOY-BI -42 WT % Sn 
304SS ROTOR OIA • LO itt. 
TEMPERATURE •laO'C 
VELCClTY«94inymln 

CLINKER DROSS 

Fig. 12. 

800 1200 
TIME, min 

Effect of Sodium Additions 
on Oxidation Rate 

At the end of the e x p o 
s u r e s (-1700 min ) , the d r o s s be ing 
f o r m e d was the u s u a l fine b l a c k 
powder , sugges t ing that the 
s o d i u m had been p r e f e r e n t i a l l y 
ox id ized and was e s s e n t i a l l y 

u s e d up at tha t t i m e . The benef i t ga ined by the p r e s e n c e of 4 wt % ind ium 
was s m a l l d u r i n g tha t p o r t i o n of the e x p e r i m e i i t in which the s o d i u m was 
p r e s e n t . 

IV. DISCUSSION 

A. G e n e r a l 

The r e s u l t s of th i s i nves t i ga t i on i nd i ca t ed that d r o s s f o r m a t i o n in 
a s i m p l e r o t a t i n g s y s t e m m a y be a c o m p l e x p r o c e s s . A s ing le l i n e a r 
ox ida t ion r a t e was found for only those few e x p e r i m e n t s in which the 
ox ida t ion p r o d u c t did not m e c h a n i c a l l y i n t e r a c t with the r o t o r . 

In the m o r e g e n e r a l c a s e , the m e c h a n i c a l i n t e r a c t i o n of the d r o s s 
wi th the r o t a t i n g s y s t e m r e s u l t e d in s u b s t a n t i a l l y g r e a t e r ox ida t ion r a t e s 
a f t e r an induc t ion p e r i o d . The ox ida t ion r a t e dur ing the in i t i a l p e r i o d was 
shown to be l i n e a r l y r e l a t e d to the c i r c u m f e r e n t i a l ve loc i ty of the r o t o r in 
the r a n g e of v e l o c i t i e s of i n t e r e s t in the E B R - I I (0-100 i n . / m i n ) but i n 
d e p e n d e n t of the r o t o r s i z e . Dur ing the in i t i a l p e r i o d af ter r e a c t o r s t a r t u p . 
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varying tempera tures (160-200°C) had only a small effect on the oxidation 
ra te . Limited data suggested that the temperature effect was larger after 
the drossing mode had been established. 

The secondary oxidation rate, reached ~600 min after the drossing 
mode began operation, was related linearly to velocity for a given rotor 
but was dependent on rotor size. The dross , mechanically introduced below 
the initially submerged rotor surfaces, permitted oxygen access to a much 
la rger l iquid-meta l -a i r interface. Insufficient data have been obtained to 
establish the relationship between the physical dimensions of the submerged 
rotor and the secondary oxidation ra te . However, a single set of data at 
200°C indicated an approximately proportional relationship between the 
secondary oxidation rate at constant velocity and the vertical, submerged 
a rea of the two ro to r s . Figure 3 shows that this sort of relationship 
logically might be expected from the physical appearance of the oxidized 
alloy. 

The duration of the induction period was inversely related to the 
degree of wetting of the rotor by the liquid metal . It had been suggested 
that the poorer bond between the solid and liquid resulted in more slippage 
at the interface and less mechanical force being transmitted to the liquid 
metal . Consequently, less shearing was required in the liquid metal , and 
less tearing of the protective oxide film occurred. 

No large effect of alloy composition on the secondary oxidation 
rate was found for variations in tin content (37-47 wt %) or for addition 
of aluminum. Indium (4 wt %) was effective in reducing the rate of dross 
formation for the basic alloy, but it was much less useful when small amounts 
of sodium were present in the liquid metal . * 

B, Application to EBR-II 

The simple experimental apparatus used in this investigation differed 
in several aspects from the actual reactor seal trough. For example, the 
radii of curvature for the blade and wall of the reactor seal differed by only 
~1%, whereas for the beaker experiments the ratio of the larger to the 
smal ler radii was usually 2.5. The larger ratio tended to concentrate the 
mechanical shear in the liquid at or near the surface with the smaller 
radius; in the actual trough, it might be expected that shear would divide 
more evenly between the blade and wall. However, the linear relationship 
between velocity and oxidation rate suggests that the same total dross would 
be formed, independent of the division of the shear forces. The same linear 
relationship indicates that no optimum velocity exists for the operation of 
the seals , and the total dross should depend solely on the distance traveled. 
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A more serious problem in the scale-up of the experimental resul ts 
is the influence of the depth to which the blade is immersed . The beaker ex
per iments show that the secondary oxidation rate could be correla ted with 
the formation of a mil led-in coating of dross on the immersed surfaces of 
the ro tor . Cooper 's experience^ with a model of the EBR-II seal trough on a 
much la rger scale has shown the presence of dross on the immersed surface 
of the blade after extensive operation. The secondary oxidation-rate factor 
has not been determined for this la rger model, and it is not known for the 
actual reac tor seal . However, the ra te - increase factor could be much 
la rger for the actual blade than for these experiments, in view of the greater 
immersed a rea of the blade as compared with resul ts using the small 
experimental ro tor . 

A consequence of the presence of dross on the immersed surfaces of 
the reactor blade is the possibility that silicone oil, or similar fluid p ro
posed as an oxidation retardant on the air side, would creep along the dross 
coating. In this way, small amounts of oil might be introduced into the iner t -
gas phase of the reactor vessel and transmitted as a vapor to high tempera
ture stainless steel components. Surface carburization of these components 
would thus become possible. 

Unfortunately, none of the variables studied suggested a feasible way 
to achieve improvement by an order of magnitude in the rate of dross forma
tion in the reactor seal troughs. Since the blade is presumably already 
coated with dross , noneof the possible techniques for prevention of mechan
ical interaction of the dross with a clean blade would be expected to be 
useful. 

The value of indium additive to the a l loywas so sharply reduced by 
the presence of sodium at trough concentration that the added expense of the 
indium would not be justified, unless the sodium aerosol could be trapped 
elsewhere. 
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